Hepatocellular carcinoma (HCC) is a complex, heterogeneous tumor with multiple genetic aberrations. Reactive oxygen species (ROS) produce DNA oxidation and subsequent gene mutations that promote carcinogenesis (Storz, 2005) . Continuous oxidative stress, which results from the generation of ROS in response to environmental factors or cellular mitochondrial dysfunction, has been associated with modification to key cellular processes, such as cell proliferation, apoptosis, and cell motility cascades, during tumor development (McCord, 2000; Fruehauf and Meyskens, 2007) . However, a recent study challenged this concept by providing evidence that ROS are repressed during K-Ras G12D -initiated pancreatic and lung tumorigenesis due to a MAPK pathwaymediated increase in Nrf2 transcription (DeNicola et al., 2011) . Therefore, we sought to investigate the mechanism by which ROS are regulated during tumorigenesis and tumor progression. The transcription factor NF-E2-related factor 2 (Nrf2) is important for maintaining cellular homeostasis, and when cells are exposed to chemical or oxidative stress, Nrf2 regulates the antioxidant-response element (ARE)-mediated induction of cytoprotective genes Uruno and Motohashi, 2011) . Nrf2 also contributes to diverse cellular functions, including differentiation, proliferation, inflammation, and lipid synthesis (Li et al., 2012) . The data have increasingly shown that the aberrant expression or function of Nrf2 is associated with pathologies such as cancer, neurodegeneration, and cardiovascular disease. The disruption or alteration of the Keap1-Nrf2 interaction and the persistent activation of Nrf2 are observed in a variety of cancers, such as type-2 papillary renal cell carcinomas, lung cancer, and gallbladder cancer (Singh et al., 2006; Stacy et al., 2006; Shibata et al., 2008; Kim et al., 2010) .
Gankyrin, also named 26S proteasome non-ATPase regulatory subunit 10, has been reported to be an oncoprotein that is principally overexpressed in human HCC. Gankyrin directly binds to MDM2 and accelerates the MDM2-dependent ubiquitination and degradation of p53 (Higashitsuji et al., 2005a) . It has also been documented that the interaction between gankyrin and CDK4 facilitates Rb degradation (Higashitsuji et al., 2005b) . Our most recent data showed that the overexpression of gankyrin accelerates HCC invasion and metastasis. Moreover, knocking down gankyrin in some HCC cells induced cell death (Li et al., 2005a) . However, the 
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Chun Yang, 1, 2 roles of gankyrin in regulating oxidative stress and in maintaining cell homeostasis remain unclear.
In the present study, we investigated the role of gankyrin in regulating oxidative stress and homeostasis in HCC cells. We show that there is a positive feedback loop between gankyrin and Nrf2 that amplifies the antioxidant capacity of HCC cells, reduces oxidative stress-induced mitochondrial damage, inhibits apoptosis, and promotes the development of HCC.
RES ULTS
Gankyrin expression is increased under oxidative stress conditions and participates in the elimination of ROS Our quantitative RT-PCR (qRT-PCR) assay revealed that hydrogen peroxide (H 2 O 2 ) treatment increased the levels of gankyrin mRNA in the HCC cell lines SMMC7721, PLC/ PRF/5, and MHCC-LM3 (Fig. 1 A) . Western blot analysis also showed that H 2 O 2 increased gankyrin protein levels in a time-and dose-dependent manner (Fig. 1 B) . Treatment with the antioxidant N-acetyl cysteine (NAC) reduced gankyrin protein levels in MHCC-LM3 cells (Fig. 1 C) . These results suggested that oxidative stress induces gankyrin expression. Next, we measured the levels of ROS in gankyrin overexpressing or depleted HCC cells. The knockdown of gankyrin markedly increased intracellular ROS in MHCC-LM3 cells (Fig. 1 D) . Similarly, gankyrin overexpression significantly decreased intracellular ROS levels in SMMC7721 cells after stimulation with H 2 O 2 (Fig. 1, E and F ). In accordance with the aforementioned results, gankyrin enhanced the total antioxidant capacity of HCC cells, whereas the knockdown of gankyrin reduced this capacity (Fig. 1 G) . Therefore, ROS induced the expression of gankyrin, which, via a feedback mechanism, further modulated ROS levels in HCC cells.
Gankyrin regulates oxidative stress-induced cell death and mitochondrial function in HCC cells
Mitochondria reportedly constitute a major cellular source of ROS, in addition to serving as the primary target of ROS-induced oxidative damage (Girish et al., 2013) . In this study, we investigated the correlation between gankyrin expression and mitochondrial function. Mitochondrial-derived superoxide, a byproduct of oxidative phosphorylation, was markedly elim- the protein levels were quantified relative to the loading control. (D) ROS levels were detected in MHC CLM3 gankyrin knockdown and control cells. Cells were treated with PBS or 0.5 mM of H 2 O 2 for 5 h, and the cells were then incubated with CM-H2DCF DA for 30 min. (E) Flow cytometry analysis to detect ROS levels in gankyrin-overexpressing and control SMMC7721 cells. (F) Fluorescence microscopy to detect ROS levels in SMMC7721 cells transiently transfected with gankyrin overexpressing plasmid. Bar, 100 µm. (G) Gankyrin regulated the total antioxidant capacity of HCC cells. SMMC7721 and MHC CLM3 cells with different gankyrin levels were treated with 0.5 mM H 2 O 2 or PBS for 5 h, and the total antioxidant capacity was then measured with a T-AOC Assay kit. The results are the means ± SEM of three independent experiments. Data in B-F are representative of at least three experiments with similar results.*, P < 0.05. inated by gankyrin (Fig. 2 A) . We also examined the effect of gankyrin on mitochondria using an electron microscope assay. In cells in which gankyrin was knocked down, the mitochondria appeared to be swollen and showed a loss of their internal structure and poorly defined, sparse cristae (Fig. 2 B) . A mitochondrial function assay demonstrated that the depletion of gankyrin significantly reduced the consumption of O 2 by the mitochondria, and that the up-regulation of gankyrin enhanced mitochondrial respiratory function with or without H 2 O 2 stimulation (Fig. 2, C and D) . Thus, gankyrin was able to protect the mitochondria from ROS-induced damage and maintain mitochondrial respiratory function.
Severe oxidative stress reportedly leads to progressive cell dysfunction and ultimately to cell death (Fruehauf and Meyskens, 2007) . To determine whether gankyrin plays a functional role in oxidative stress-induced cell death, we manipulated gankyrin levels in HCC cells, and then treated those cells with H 2 O 2 . The overexpression of gankyrin enabled cells to gain resistance against oxidative stress-induced death (Fig. 2 E) , whereas the suppression of gankyrin caused the cells to become more sensitive to ROS-mediated cell death (Fig. 2 F) . These findings were further confirmed by a Western blot assay in which cleaved PARP was inhibited by H 2 O 2 treatment in cell lines stably transfected with gankyrin ( Fig. 2 G) . Moreover, NAC treatment significantly inhibited the cell death that resulted from gankyrin knockdown (Fig. 2 H) , suggesting that the antiapoptosis function of gankyrin might partially depend on intracellular ROS levels.
Gankyrin influences the expression of antioxidant enzymes and stabilizes the level of Nrf2 protein To identify how gankyrin influences intracellular ROS levels, we examined the expression of a series of antioxidant enzymes in cells in which gankyrin was either overexpressed or knocked down. The stable knockdown of gankyrin in MHCC-LM3 and SMMC7721 cells down-regulated the mRNA levels of the following: superoxide dismutase 1 (SOD1); SOD2, mitochondrial (MnSOD); glutathione peroxidase (GPx1); adenine nucleotide translocator (ANT; the key indicator of nitrative stress); catalase (CAT); glutamate-cysteine ligase, catalytic subunit (GCLC); glutamate-cysteine ligase, modifier subunit (GCLM); heme oxygenase (decycling) 1 (HO-1); NAD(P)H:quinone oxidoreductase l (NQO1); aldo-keto reductase family, member B10 (AKR1B10); aldo-keto reductase family, member C1 (AKRC1); aldo-keto reductase family, member C2 (AKR1C2); and aldo-keto reductase family, member C3 (AKR1C3; Fig. 3, A and B) . The transient up-regulation of gankyrin in SMMC7721 cells increased the mRNA levels of SOD1, SOD2, GPx1, and ANT in the presence or absence of oxidation stress (Fig. 3 C) . Western blot analysis also revealed that the knockdown of gankyrin decreased NQO1, GCLM, and HO-1 (Fig. 3 D) . Similarly, we also observed that gankyrin affected AKR1B10 and AKR1C3 protein levels (Fig. 3 E) As GCLC, GCLM, NQO1, HO-1, AKR1B10, AKR1C1, AKR1C2, and AKR1C3 are transcriptional targets of Nrf2 (MacLeod et al., 2009) , we hypothesized that gankyrin might influence the expression of antioxidant stress enzymes under the regulation of ARE elements. To confirm this possibility, we detected the activity of an ARE luciferase reporter in HCC cells, and we found that gankyrin significantly increased luciferase activity, whereas the knockdown of gankyrin significantly inhibited luciferase expression (Fig. 3 F) .
Nrf2 protein levels were detected in three HCC cells lines, and the results showed that all had a relatively high level of Nrf2 protein (Fig. 3 G) . Gankyrin overexpression markedly stabilized Nrf2 protein levels in SMMC7721 cells, whereas the silencing of endogenous gankyrin decreased Nrf2 expression in MHCC-LM3 cells (Fig. 3 H) . The expression levels of Keap1 and Cullin 3, key regulators of Nrf2, were not affected. Because ubiquitination and proteasomal degradation are part of the primary degradation pathway for Nrf2, we proceeded to analyze the ubiquitination status of Nrf2 in gankyrin knockdown and control cells. Nrf2 was efficiently polyubiquitinated in cells in which gankyrin was knocked down compared with control cells (Fig. 3 I) .
Gankyrin competitively binds to the Kelch domain of Keap1
It is well known that Keap1 constitutively ubiquitinates Nrf2, resulting in the rapid degradation of Nrf2 through the proteasomal pathway. Therefore, we investigated whether gankyrin disrupted the association between Keap1 and Nrf2. Keap1 associated with more Nrf2 protein in gankyrin-knockdown cells compared with control cells (Fig. 4 A) . Based on an immunofluorescence assay, Keap1 and gankyrin were colocalized throughout the cells (Fig. 4 B) , and coimmunoprecipitation clearly showed the presence of gankyrin-Keap1 complexes in HEK293T cells (Fig. 4, C and D) . GankyrinKeap1 complexes were also detected in gankyrin-overexpressing SMMC7721 cells (Fig. 4 E) .
To determine which region of gankyrin is required for its interaction with Keap1, we used a series of gankyrin deletion mutants. As shown in Fig. 4 H, gankyrin mutants lacking the C-terminal tail domain (aa 204-226) or N-terminal tail domain (aa 1-38) showed weaker interactions with Keap1 compared with other mutants, suggesting that these two regions may be required for binding to the Keap1 protein; the deletion of any single ankyrin repeat did not influence the interaction of gankyrin with Keap1. We further investigated which domain of Keap1 is responsible for binding to gankyrin. A series of truncated Keap1 proteins was expressed in HEK293T cells, along with myc-tagged gankyrin. Only those proteins containing the Keap1-Kelch domain were found to associate with gankyrin ( Fig. 4 F) , indicating that Keap1 binds to gankyrin through the Kelch domain. To further confirm the association between gankyrin and Keap1, we cotransfected the Keap1-Kelch domain along with gankyrin plasmid into cells and confirmed the interaction between the Kelch do- (Fig. 4 G) . Given that the ETGE motif in Nrf2 is a high-affinity binding site for Keap1, it is of considerable interest that human gankyrin contains an ELKE motif between aa 21 and 24 and an ENKE motif between aa 201 and 204. Thus, the Glu residues in the ELKE and the ENKE motifs were mutated, and the interaction between Keap1 and mutated gankyrin was investigated. As shown in Fig. 4 I, Glu residues mutation in the ELKE or ENKE motifs attenuated the interaction between gankyrin and Keap1. The mutation of all Glu residues in the two motifs substantially inhibited the binding of gankyrin to Keap1.
In addition, we knocked down Keap1 to confirm that gankyrin modulates the stability of Nrf2 via Keap1. The repression of Nrf2 after gankyrin knockdown was abolished by the knockdown of Keap1; Nrf2 protein accumulated after Keap1 knockdown regardless of the level of gankyrin protein (Fig. 4 J) . We performed a coimmunoprecipitation assay to analyze the amount of gankyrin that binds to Keap1 after stimulation with sulforaphane, tert-butyl hydroquinone (tBHQ; Morimitsu et al., 2002; Li et al., 2005b) , or H 2 O 2 (Fig. 4 K) . The results showed that sulforaphane and tBHQ did not significantly affect gankyrin binding to Keap1, whereas stimulation with H 2 O 2 increased the binding of Keap1 to gankyrin significantly. In conclusion, gankyrin competitively bound the Kelch domain and inhibited the interaction between Nrf2 and Keap1, which decreased the ubiquitination and subsequent degradation of Nrf2.
Nrf2 promotes gankyrin transcription
To identify potential transcriptional regulators of gankyrin under conditions of oxidative stress, we analyzed the human gankyrin gene promoter for transcription factor-binding sequences that regulate the oxidative stress response. We found that the region 10 kb upstream from the transcriptional start site contains conserved AREs (5′-RTG AYnnnGCR-3′) that were binding sites for Nrf2 (Itoh et al., 1997; Nguyen et al., 2000) . We also analyzed the gankyrin promoter in different species and found that all species analyzed have AREs in the gankyrin promoter (Fig. 5, A and B) .
The aforementioned results suggested that Nrf2 might regulate gankyrin transcription. To test this hypothesis, we performed chromatin immunoprecipitation (ChIP) assays using IgG or Nrf2-specific antibodies in MHCC-LM3 and SMMC7721 cells after 5 h of treatment with or without H 2 O 2 , and we found that Nrf2 was able to bind to the ARE regions of gankyrin in SMMC7721 and MHCC-LM3 cells (Fig. 5 C) . To determine whether oxidative stress increases the binding of Nrf2 to AREs of the gankyrin promoter, we analyzed DNA isolated from the immunoprecipitated materials by qPCR. H 2 O 2 stimulation significantly increased the binding of Nrf2 to the ARE regions in the gankyrin promoter (Fig. 5 D) .
To test whether Nrf2 modulates gankyrin expression, we knocked down Nrf2 levels in PLC/PRF/5 and SMMC7721 cells. The partial depletion of Nrf2 markedly suppressed the expression of its target genes and gankyrin (Fig. 5, E and F) . Western blot analysis showed that the protein levels of gankyrin and NQO1 were decreased in Nrf2 knockdown cells (Fig. 5 G) . Moreover, sulforaphane and tBHQ, both activators of Nrf2, could moderately induce the expression of gankyrin (Fig. 5 H) . All of these results confirmed that gankyrin was a target gene of Nrf2.
Nrf2 and gankyrin cooperatively provide HCC cells with antioxidative stress capacity
To investigate the role of Nrf2 in the gankyrin-mediated resistance to oxidative stress, we varied the levels of Nrf2 and gankyrin in HCC cells via ectopic shRNA or cDNA, and after 48 h of transfection, the cells were stimulated with 0.5 mM H 2 O 2 . Nrf2 knockdown increased the sensitivity of gankyrin-overexpressing cells to H 2 O 2 -induced toxicity, whereas the overexpression of Nrf2 helped gankyrin-knockdown cells to regain resistance to H 2 O 2 -induced toxicity (Fig. 6 A) . However, gankyrin could only partially rescue the sensitivity of cells to H 2 O 2 -induced toxicity caused by Nrf2 depletion, whereas the knockdown of gankyrin only slightly reduced the protective effects of Nrf2 on cells under oxidative stress (Fig. 6, A and B) . Western blot analysis showed that H 2 O 2 -induced PARP cleavage could be decreased in gankyrin-knockdown cells by the overexpression of Nrf2, whereas PARP cleavage was enhanced in gankyrin overexpressing cells in which Nrf2 was knocked down (Fig. 6 C) .
Intracellular ROS and mitochondrial superoxide levels were decreased when Nrf2 was overexpressed in gankyrin-knockdown cells; in contrast, intracellular ROS and mitochondrial superoxide were both increased when the Nrf2 was knocked down in gankyrin-overexpressing cells (Fig. 6, D and E) . Consistent with the aforementioned results, the ARE luciferase reporter assay also revealed that knock- ing down Nrf2 inhibited gankyrin-induced ARE luciferase expression and vice versa. Gankyrin had only a slight or no effect on ARE luciferase activity when Nrf2 was deleted (Fig. 6 F) . However, Nrf2 could partially compensate for the effect of gankyrin on the modulation of mitochondrial respiratory function (Fig. 6, G and H) .
To examine the effects of gankyrin and Nrf2 on HCC progression, we used a lentivirus to stably knockdown Nrf2 levels in gankyrin-overexpressing HCC cells. These cells were inoculated into nude mice, followed by the periodic monitoring of tumor growth. The results showed that knocking down Nrf2 significantly inhibited the tumorigenicity and subcutaneous xenograft growth of gankyrin-overexpressing cells (Fig. 6, I and J).
Gankyrin and Nrf2 overexpression in HCCs predicts a poor prognosis
To study the role of the gankyrin-Nrf2 loop in hepatocarcinogenesis, liver samples from diethylnitrosamine (DEN)-treated Wistar rats were subjected to immunohistochemical staining. All mice developed HCC at week 20 after DEN treatment. Intriguingly, the expression of gankyrin and Nrf2 were progressively increased during the process of hepatocarcinogenesis in rats (Fig. 7, A and B ). In addition, as shown in the staining results from serial sections, the increase of gankyrin expression was accompanied by an increase of Nrf2 expression in hepatocarcinogenesis. Notably, gankyrin and Nrf2 were primarily expressed in the portal area during the early stages of the DEN-induced hepatocarcinogenesis and subsequently in the carcinoma nests at the advanced stages, which suggested that gankyrin and Nrf2 might cooperatively participate in the malignant transformation from inflammation to cancer.
In clinical HCC samples, we determined the levels of gankyrin and Nrf2 target genes mRNAs. There was a positive correlation between the level of gankyrin mRNA and GCLC, GCLM, HO-1, NQO1, and AKR family member mRNA in the HCC samples (Fig. 7 C) . We further investigated a possible correlation between gankyrin and Nrf2 in 269 HCC patients using tissue microarrays (TMAs). Based on their tumoral gankyrin and Nrf2 content, patients were classified into the following four groups: group I (n = 77), low gankyrin and low Nrf2; group II (n = 29), low gankyrin and high Nrf2; group III (n = 11), high gankyrin and low Nrf2; and group IV (n = 152), high gankyrin and high Nrf2 (Fig. 7 D) . In gankyrin-high HCCs, the percentage of patients with high levels of Nrf2 staining was 93.25%, which is significantly greater than that in the gankyrin-low group (P < 0.05, r = 0.4834), indicating that there is an association between gankyrin and Nrf2 expression (Fig. 7, D and E) .
More importantly, differences in disease-free survival and overall survival were significant among the four groups. Patients in group IV had shorter disease-free survival (the median times of group I, II, III, and IV were 12, 12, 3, and 2 mo, respectively) and overall survival (the median times of group I, II, III, and IV were 40, 14, 9, and 6 mo, respectively) compared with the other groups (Fig. 7 F) . Thus, gankyrin and Nrf2 expression is a valuable prediction factor for the prognosis of patients with HCC.
DIS CUS SION
In this study, we demonstrated that there is a positive feedback regulation between gankyrin and Nrf2, which amplifies the antioxidant capability of HCC cells. Under oxidative stress, increased Nrf2 activity promotes the transcription of gankyrin and up-regulates gankyrin expression. Excess gankyrin competitively interrupted the association between Nrf2 and Keap1 and subsequently stabilized Nrf2 protein. This positive feedback regulation helps combat excessive intracellular ROS, which reduces oxidative stress-induced cell death, maintains mitochondrial stability, and further contributes to the tumorigenesis of HCC. This feedback regulation is similar to the correlation between p62/SQS TM1 and Nrf2, as Nrf2 regulates the expression of p62/SQS TM1 through ARE, and in turn p62/SQS TM1 binds to Keap1 and prevents Nrf2 degradation (Jain et al., 2010) . Similar to the p62/SQS TM1 protein, the human gankyrin protein contains an ELKE motif between aa 21-24 and an ENKE motif between aa 201-204, which serves as its binding site to Keap1.
We could not directly measure the initiating event of the feedback loop between gankyrin and Nrf2 because there was not a suitable animal model available in our laboratory. Nonetheless, some studies have shown that HBV/HCV infection, alcohol, and toxic agents are able to activate Nrf2 (Burdette et al., 2010; Ivanov et al., 2011; Wang et al., 2014) , cells that were transiently transfected with gankyrin-pcDNA3.1A vectors with or without H 2 O 2 stimulation. The data are expressed as the mean ± SEM of three independent experiments. (D) Western blot analysis showed the levels of NQO1, HO-1, and GCLM protein in SMMC7721-con, SMMC7721-siGank, MHC CLM3-con, and MHC CLM3-siGank cells. The data shown are representative of three independent experiments. (E) Western blotting analysis showed the levels of AKR1B10 and AKR1C3 protein in gankyrin-knockdown or overexpressing SMMC7721 cells. The data shown are representative of three independent experiments. (F) Gankyrin influenced ARE luciferase reporter activity in HCC cells. MHC CLM3 and SMMC7721 cells with different gankyrin levels were transiently transfected with an ARE luciferase reporter vector or the control plasmid pRL-TK for 48 h. The cells were harvested and gankyrin reporter activities were detected. The results are means ± SEM. n = 3. *, P < 0.05; **, P < 0. whereas gankyrin is gradually increased during the hepatocarcinogenesis process in humans (Jing et al., 2014) . However, it has been reported that gankyrin expression does not correlate with HBV infection (Fu et al., 2002; Guichard et al., 2012) . Our results show that the expression levels of Nrf2 and gankyrin were increased in a DEN-induced rat HCC model. These data led us to hypothesize that the initiating event is the activation of Nrf2 caused by HBV/HCV infection or liver injury, which is then followed by the induction of gankyrin and other Nrf2-target genes. Increased gankyrin binds to Keap1 and prevents Keap1 from interacting with Nrf2, which results in Nrf2 accumulation. This Nrf2 accumulation then further increases the transcription of gankyrin. However, this hypothesis needs to be confirmed in clinical samples and mouse models.
The dual functions of Nrf2 in tumorigenesis have been well documented. Several studies using Nrf2 knockout mice have shown that Nrf2 protects against chemical carcinogeninduced tumor formation in the stomach, bladder, skin, and colorectum (Kensler et al., 2007; Khor et al., 2008; Marhenke et al., 2008; Jaramillo and Zhang, 2013) . The mechanism by which Nrf2 protects against chemical-induced carcinogenesis might be due in part to its ability to reduce the amount of ROS and DNA damage in cells (Hirayama et al., 2003; Morito et al., 2003) . Further evidence supporting the protective role of Nrf2 comes from studies of mice or humans harboring a single-nucleotide polymorphism in the promoter region of the Nrf2 gene (Cho et al., 2002; Yamamoto et al., 2004; Marzec et al., 2007) . Individuals with this single-nucleotide polymorphism have significantly lower levels of Nrf2 expression and an increased risk for developing nonsmall-cell lung cancer (Suzuki et al., 2013) .
Paradoxically, the role of Nrf2 in cancer promotion and in cancer resistance to therapeutic treatment has been revealed (Zhang, 2010) . The elevated expression of Nrf2 target genes and the increased stability of Nrf2 in many human cancers are well documented. Mutations of Keap1 or Nrf2, modulations of the Keap1 promoters, posttranslational modulation of Keap1, competitive binding proteins to Keap1, and oncoproteins that induce Nrf2 transcription could all lead to the accumulation of Nrf2 DeNicola et al., 2011; Taguchi et al., 2011 Taguchi et al., , 2012 Hanada et al., 2012; Ichimura et al., 2013) . The clinical prognosis of patients with tumors expressing high levels of Nrf2 is poor (Shibata et al., 2008; Solis et al., 2010) , partly due to the ability of Nrf2 to enhance cancer cell proliferation and promote chemoresistance and radioresistance. Interestingly, Satoh et al. (2013) have provided evidence that Nrf2 has two roles during carcinogenesis: one of which is preventive during tumor initiation, and a second that promotes malignant progression during lung carcinogenesis through the Kras signaling pathway. Thus, Nrf2 is a doubleedged sword for cancers. In the HCC field, the somatic mutation ratios of Nrf2 and Keap1 in HCC patient have been reported to be 6.4 and 8%, respectively, which could contribute to the accumulation of Nrf2 in HCC (Guichard et al., 2012; Cleary et al., 2013) . However in the present study, we found that Nrf2 was highly expressed in 67.28% of the 269 HCC tissue samples, which is far higher than the somatic mutation rate. It is reasonable to speculate that there are other factors regulating the accumulation of Nrf2 in HCC.
Gankyrin is a critical oncoprotein that is frequently overexpressed in HCC and other types of cancer (Higashitsuji et al., 2000; Fu et al., 2002 ). An exciting result from this study is that gankyrin is a new Nrf2 target gene, which indicates that Nrf2 can directly influence HCC tumorigenesis and progression. The region upstream of the transcriptional start site of the gankyrin gene contains several conserved AREs, which are binding sites for Nrf2. Nrf2 regulates the gene expression of a wide variety of cytoprotective phase II detoxification and antioxidant enzymes through AREs, which maintain HCC cell survival under oxidative stress and confer resistance to chemotherapeutic drugs and ionizing radiation (Venugopal and Jaiswal, 1996; Itoh et al., 1997; Homma et al., 2009; Zhang et al., 2010) . Gankyrin, also known as p28, is one of the non-ATPase subunits of PA700 (19S), a regulatory complex of the human 26S proteasome (Hori et al., 1998) . Another component of the 26S proteasome with a different function, PA28, is also regulated by Nrf2 (Pickering et al., 2012) . PA28 is an interferon-induced 11S complex that associates with the ends of the 20S proteasome and stimulates the in vitro breakdown of small peptide substrates, but not proteins or ubiquitin-conjugated proteins. In cells, PA28 also exists in larger complexes with the 19S particle, which allows for the ATP-dependent degradation of proteins (Davies, 2001; Pickering et al., 2010) . PA28 is also induced during adaptation to oxidative stress, contributing to the overall capacity to degrade oxidized proteins and to stress resistance. Our finding that increases in gankyrin expression during adaptation to oxidative stress are largely mediated by the Nrf2 signaling transduction pathway is similar to the mechanism used by PA28. These Nrf2-dependent increases in gankyrin (19S) and PA28 (11S) are important for fully effective adaptive increases in cellular stress resistance. (C) SMMC7721 and MHCC-LM3 cells were fixed and sheered; cross-linked chromatin was prepared as described in the Materials and methods. The chromatin was precipitated using control (IgG) or Nrf2-specific antibodies (Nrf2). PCR analysis was performed using primers for ARE1, ARE2, and ARE3. The data shown are representative of three independent experiments. (D) Oxidative stress increases the binding of Nrf2 to the AREs of the gankyrin promoter. SMMC7721 and MHC CLM3 cells were treated with PBS or 0.5 mM H 2 O 2 for 5 h, and chromatin immunoprecipitation was performed using Nrf2-specific antibodies. DNA isolated from the precipitated materials was analyzed using qPCR with the indicated primers. The ARE-specific signals from Nrf2-precipitated DNA were normalized to those from IgG-precipitated DNA. The data shown are means ± SEM of triplicate wells. (E and F) qRT-PCR analysis was performed for gankyrin and target genes of Nrf2 in PLC/RPF/5-con and PLC/RPF/5-siNrf2 or SMMC7721-con and SMMC7721-siNrf2 cells. Data represent the mean ± SEM of triplicates from an experiment that was repeated a total of three times with similar results. *, P < 0.05; **, P < 0.01. (G) Western blot analysis of gankyrin and NQO1 in SMMC7721-con, SMMC7721-siNrf2, PLC/ RPF/5-con, and PLC/RPF/5-siNrf2 cells. Representative results from three experiments are shown. (H) Effects of sulforaphane and tBHQ on gankyrin expression in HCC cells. SMMC7721 cells were treated with 0 to 5 µM sulforaphane and tBHQ for 12 h, and the cells were then lysed and subjected to Western blot analysis. Representative results from three experiments are shown. In addition, some studies have reported that Nrf2 also induces the transcription of transcription factors and oncogenes. Nrf2 induces Klf9 and amplifies oxidative stress (Zucker et al., 2014) . In cutaneous squamous cell carcinoma (SCC), Nrf2 directly binds to the promoter of oncogene activating transcription factor 3 (ATF3) and induces its expression, which can then promote the development of SCC (Dziunycz et al., 2014) . Here, we showed that Nrf2 binds to the promoter of gankyrin and promotes its transcription, which provides a direct link between oxidative stress and HCC tumorigenesis.
In this context, our study provides a new pathway for Nrf2 accumulation and a direct link between the oxidative stress response and the development of HCC. Based on the results of this study, we propose that inhibiting the gankyrinKeap1 interaction could be a new promising therapeutic approach against human HCC.
MAT ERI ALS AND MET HODS
Cell culture, transfection, and lentivirus infection. The human HCC cell lines SMMC7721 and MHC CLM3 were purchased from Shanghai Cell Bank of Chinese Academy of Sciences. Human embryonic kidney cell line HEK293T was obtained from ATCC. Human PLC/PRF/5 cell lines were obtained from ATCC. All cells were cultured in DMEM media supplemented with 10% fetal bovine serum (Sigma-Aldrich), and maintained at 37°C in an atmosphere of humidified air containing 5% CO 2 .
Plasmids pCDNA3.1A and pCDNA3.1A-Gankyrin and a series of gankyrin deletion mutants were constructed in our laboratory, as previously described (Chen et al., 2007) . A series of truncated Keap1 mutants were bestowed by B. Xia (University of Medicine and Dentistry of New Jersey, New Brunswick, NJ) (Ma et al., 2012) . Gankyrin overexpression/knockdown and their control lentivirus/adenovirus were generated as described previously (Li et al., 2005a; Chen et al., 2007) . The sequence for knockdown gankyrin: 5′-TTT TGG CCA CTG ACT GAC-3′. The lentivirus or adenovirus was infected into the HCC cells with Polybrene (8 µg/ml) for 4 h. The original medium was replaced with fresh medium 12 h later.
ARE luciferase reporter vector, siRNA, and vector of Nrf2 and Keap1 were designed and purchased from GeneChem (NM 001145413). siNrf2, 5′-GGC ATT TCA CTA AAC ACAA-3′; siKeap1, 5′-CTT AAT TCA GCT GAG TGTT-3′. The vectors were transfected into HCC cells with jetPEI DNA transfection reagent (Polyplus). Nrf2 cDNA was cloned from the whole cDNA synthesized by total RNA and constructed into plenti-EF3. The primers are listed as follows: Nrf2-LentiEF3, 5′-CGC GGA TCC ATG GAT TTG ATT GAC ATA CTT TGGA-3′ and 5′-GGA CTA GTC TAA TGA TGA TGA TGA TGA TGG TTT  TTC TTA ACA TCT GGC TTC TT-3′. RNA collection, cDNA synthesis, and real-time PCR analysis. Total RNA was extracted from cell lines, fresh-frozen tumor specimens, and healthy control tissues using TRIzol (Invitrogen). cDNA synthesis was performed using random hexamers (Roche) and SuperScriptII reverse transcription (Invitrogen). qRT-PCR was performed using an ABI 7900 Fast Real-Time PCR System (Applied Biosystems) and SYBR Green PCR kit (Takara Bio Inc.).The primer sequences are as follows: 18S, 5′-CGG CTA CGA CAT CCA AGG AA-3′ and 5′-GCT GGA ATT AGC GCG GCT-3′; hSOD1, 5′-AGG GCA TCA TCA ATT TCG AGC-3′ and 5′-GCC CAC CGT GTT TTC TGGA-3′; hSOD2, 5′-AAC CTC AGC CCT AAC GGTG-3′ and 5′-AGC AGC AAT TTG TAA GTG TCCC-3′; hCatase, 5′-ACT TTG AGG TCA CAC ATG ACA TT-3′ and 5′-CTG AAC CCG ATT CTC CAG CA-3′; hGpx-1, 5′-TGC AAC CAG TTT GGG CAT CA-3′ and 5′-ACC GTT CAC CTC GCA CTTC-3′; hAnt, 5′-TCC CCA CCC AAG CTC TCAA-3′ and 5′-GTC CAG CGG GTA GAC AAA GC-3′; gankyrin, 5′-GCC AAG GGT AAC TTG AAG ATGA-3′ and 5′-TCA CAG GCT AAG TGT AGA GGAG-3′; GCLC, 5′-AGA GAA GGG GGA AAG GAC AAAC-3′ and 5′-AAG TTA TTG TGC AAA GAG CCT GAT-3′; GCLM, 5′-TCA GGG AGT TTC CAG ATG TCT TG-3′ and 5′-TGA AGC AAT GAT CAC AGA ATC CA-3′; NQO1, 5′-GCA GTT TCT AAG AGC AGA AC-3′ and 5′-GTA GAT TAG TCC TCA CTC AGC CG-3′; HO-1, 5′-GGG CTA GCA TGC GAA GTG AG-3′ and 5′-AGA CTC CGC CCT AAG GGT TC-3′; AKR1B10, 5′-AGC AGG ACG TGA GAC TTC TAC CTGC-3′ and 5′-TCC ACC GAT GGC ATT ACC TTTA-3′; AKR1C1, 5′-GTA AGA AAC GGT TGA ACT GG-3′ and 5′-AAA TCC CAG GAC AGG CAT GA-3′; AKR1C2, 5′-TCA CAT GCC ATT GGT TAA CC-3′ and 5′-ACC CGG CTT CTA TTG CCA AT-3′; AKR1C3, 5′-GTT GCC TAT AGT GCT CTG GGA TCT-3′ and 5′-GGA CTG GGT CCT CCA AGA GG-3′.
SMMC7721-siNrf2, and SMMC7721-ovGanksiNrf2 cells. The data represent the mean ± SEM of triplicates from an experiment that was repeated a total of three times with similar results. (E) Flow cytometry analyses were performed on MHC CLM3-con, MHC CLM3-siGank, MHC CLM3-ovNrf2, MHC CLM3-siGankovNrf2, and SMMC7721-con, SMMC7721-ovGank, SMMC7721-siNrf2, and SMMC7721-ovGanksiNrf2 cells to detect the levels of ROS. Representative results from three experiments are shown. (F) HCC cells were transiently transfected with an ARE luciferase reporter vector or the control plasmid pRL-TK for 48 h. The cells were then harvested, and the reporter activities were detected. The data represent the mean ± SEM of triplicates from an experiment that was repeated a total of three times with similar results. (G and H) Mitochondrial O 2 consumption assays in MHC CLM3-con, MHC CLM3-siGank, MHC CLM3-siGankovNrf2, and SMMC7721-con, SMMC7721-ovGank, and SMMC7721-ovGanksiNrf2 cells. Cells were treated with PBS or 0.5 mM H 2 O 2 for 5 h, and O 2 consumption was then examined. Each data point represents the mean ± SEM of triplicates from an experiment that was repeated three times with similar results. (I and J) Tumors were excised from nude mice 25 d after subcutaneous inoculation with SMMC7721-con, SMMC7721-ovGank, or SM-MC7721-ovGanksiNrf2 cells. Tumor size was measured once every 3 d, and the overall tumor volume was calculated. The data represent the mean ± SEM. n = 5. *, P < 0.05; **, P < 0.01. ChIP assay. ChIP assays using an anti-Nrf2 antibody (Proteintech) were performed following a previously described procedure (Zhang et al., 2006) . The primers used in the ChIP assay are described below. PCR assays were conducted in triplicate for each sample, and all experiments were repeated at least three times. Primers Used for ChIP Assays are listed as follows: gankyrinARE1, 5′-AAA TTG GCT GAG TGT GTT GGTG-3′ and 5′-AGT CCA CTA GGA GGG TTT CACG-3′; gankyrinARE2, 5′-CCA AAC TTT CAA TTG GAA GTG ATTA-3′ and 5′-TGG TCA GGT ATT TTG TAG AAA ACCC-3′; gankyrinARE3, 5′-GTT GAA ATT TGT TTT CTC TTT TGT CAT-3′ and 5′-GCC ACA ACT AGG TAA CGA TAA GAA TAC-3′.
Immunoblotting, coimmunoprecipitation assays, antibodies, and chemicals. Whole-cell extracts or HCC tumor specimens were prepared in RIPA buffer and centrifuged at 12,000 g for 15 min. Protein concentrations were measured using the bicinchoninic acid assay. Immunoblotting was performed using specific primary antibodies, and immune complexes were incubated with the fluorescein-conjugated secondary antibody, and then detected using Odyssey fluorescence scanner (Li-Cor) .
For coimmunoprecipitation experiments, cell lysates were prepared in RIPA buffer and protein concentrations were measured and incubated with 2 µg anti-gankyrin, antiKeap1, anti-myc, or anti-Flag or normal mouse immunoglobulin G (Santa Cruz Biotechnology, Inc.) for 8 h at 4°C, followed by addition of Protein A/G Plus-Agarose (Santa Cruz Biotechnology, Inc.) for another 2 h. The samples from these assays were analyzed by Western blotting.
Anti-PARP and anti-Keap1 were purchased from Cell Signaling Technology. Anti-gankyrin, anti-β-actin, and anti-GAP DH were purchased from Santa Cruz Biotechnology, Inc. Anti-NQO1, anti-GCLM, and anti-HO-1 were purchase from Abclonal Inc. Anti-Nrf2 was purchased from Proteintech Inc.
Total antioxidant capacity assay. Cells were cultured in DMEM and stimulated with PBS or 0.5 mM H 2 O 2 for 5 h. Total Antioxidant Capacity were measured with the T-AOC Assay kit (Total Antioxidant Capacity Assay kit with a Rapid ABTS method) purchased from Beyotime.
Assessment of cell death. Cells were cultured in DMEM and stimulated with PBS or 0.5 mM H 2 O 2 for 5 h. To assess the level of cleaved PARP, the cells were harvested and analyzed by Western blotting. Cells were incubated with PI (P4170; Sigma-Aldrich) for a 30-min incubation period, washed, and resuspended in PBS. Cells were then analyzed by the flow cytometry performed with MoFlo XDP Cell Sorter (Beckman Coulter) and fluorescence microscopy (Leica Biosystems).
Transmission electron microscopy. Cells were fixed in icecold 2% glutaraldehyde and examined with a JEOL transmission electron microscope (JEM-1230) as described previously (Tang et al., 2009 SMMC7721-control, SMMC7721-ovGank, and SM-MC7721-ovGanksiNrf2 cells in 0.2 ml PBS were injected subcutaneously into the right flank of the mice, which were then observed for signs of tumor development every 3 d. Once the subcutaneous tumor reached 1-1.5 cm diam, the tumor was harvested. Tumor volume was calculated as follows: V (cm 3 ) = width 2 (cm 2 ) × length (cm)/2. All experiments were performed with at least five mice in each group, and all of the experiments were repeated three times.
Patients, specimens, and tissue microarrays. We recruited 269 patients with HCC to a training cohort, from the Eastern Hepatobiliary Surgery Hospital (Second Military Medical University, Shanghai, China) from January 2003 to January 2005. Patients following the inclusion also had available paraffinembedded tumor tissues underwent TMA analysis: preoperative World Health Organization performance status of 0-1; Child-Pugh class A; no distant metastases, visualizable ascites, or encephalopathy; no chemotherapy or radiotherapy before surgery; curative resection; and resected lesions identified as HCC on pathological examination. Patients were excluded because of hepatic angiography after the operation indicating tumor straining and therapeutic TACE was performed. Curative resection of HCC was performed. The study was approved by the institutional ethics committee. Informed consent was obtained before surgery.
Immunohistochemistry. After screening hematoxylin and eosin-stained slides for optimal tumor content, we constructed TMA slides (Shanghai Biochip Company, Ltd.). Two cores were taken from each formalin-fixed, paraffin-embedded HCC sample and normal liver sample by using punch cores that measured 0.8 mm in greatest dimension from the center of tumor foci. Immunohistochemistry was performed as previously described (Dong et al., 2011) . Kaplan-Meier analysis was used to determine survival. SPSS 15.0 software (SPSS Inc.) was also used for statistical analyses. The data shown represent mean values of at least three independent experiments and are expressed as mean ± SEM. Statistical significance was set at P < 0.05.
